Lipid and protein lateral mobility is essential for biological function. Our theoretical understanding of this mobility can be traced to the seminal work of Saffman and Delbrück, who predicted a logarithmic dependence of the protein diffusion coefficient (i) on the inverse of the size of the protein and (ii) on the "membrane size" for membranes of finite size [Saffman P, Delbrück M (1975) Proc Natl Acad Sci USA 72:3111-3113]. Although the experimental proof of the first prediction is a matter of debate, the second has not previously been thought to be experimentally accessible. Here, we construct just such a geometrically confined membrane by forming lipid bilayer nanotubes of controlled radii connected to giant liposomes. We followed the diffusion of individual molecules in the tubular membrane using single particle tracking of quantum dots coupled to lipids or voltage-gated potassium channels KvAP, while changing the membrane tube radius from approximately 250 to 10 nm. We found that both lipid and protein diffusion was slower in tubular membranes with smaller radii. The protein diffusion coefficient decreased as much as 5-fold compared to diffusion on the effectively flat membrane of the giant liposomes. Both lipid and protein diffusion data are consistent with the predictions of a hydrodynamic theory that extends the work of Saffman and Delbrück to cylindrical geometries. This study therefore provides strong experimental support for the ubiquitous Saffman-Delbrück theory and elucidates the role of membrane geometry and size in regulating lateral diffusion.
Lipid and protein lateral mobility is essential for biological function. Our theoretical understanding of this mobility can be traced to the seminal work of Saffman and Delbrück, who predicted a logarithmic dependence of the protein diffusion coefficient (i) on the inverse of the size of the protein and (ii) on the "membrane size" for membranes of finite size [Saffman P, Delbrück M (1975) Proc Natl Acad Sci USA 72:3111-3113]. Although the experimental proof of the first prediction is a matter of debate, the second has not previously been thought to be experimentally accessible. Here, we construct just such a geometrically confined membrane by forming lipid bilayer nanotubes of controlled radii connected to giant liposomes. We followed the diffusion of individual molecules in the tubular membrane using single particle tracking of quantum dots coupled to lipids or voltage-gated potassium channels KvAP, while changing the membrane tube radius from approximately 250 to 10 nm. We found that both lipid and protein diffusion was slower in tubular membranes with smaller radii. The protein diffusion coefficient decreased as much as 5-fold compared to diffusion on the effectively flat membrane of the giant liposomes. Both lipid and protein diffusion data are consistent with the predictions of a hydrodynamic theory that extends the work of Saffman and Delbrück to cylindrical geometries. This study therefore provides strong experimental support for the ubiquitous Saffman-Delbrück theory and elucidates the role of membrane geometry and size in regulating lateral diffusion. C ell membrane fluidity is crucial for living cells. Lateral transport and mixing take molecular components from where they are delivered onto the membrane to where they are needed. Diffusion is thought to be the primary mechanism for this transport and is therefore central to a variety of fundamental biomolecular processes (1) including signaling, transport, and self-assembly (2) . Whether the changes in molecular mobility alone can provide a regulatory pathway in cellular processes is one of the recurring questions in membrane biophysics. It is well established that the protein lateral mobility depends on membrane fluidity and on the size of the diffusing species and can be further modified by molecular crowding (3) (4) (5) as well as interactions with membrane microdomains (6) and the cytoskeleton (6, 7) . Our aim is to study experimentally how membrane geometry and, in particular, membrane area confinement can affect the diffusion of lipids and membrane proteins. We will do this by studying tracer diffusion on membrane tubes, rather than in the more usual membrane geometry of nearly planar sheets (large-radius vesicles).
In this paper, we restrict our attention to membrane diffusion in perfectly mixed, single fluid phase membranes so as to study the role of membrane geometry on diffusion, without needing to consider additional contributions from membrane phase or molecular ordering. Although curvature of a membrane can lead to changes in membrane thickness or ordering, these effects can be neglected when the smallest radius of curvature for the surface, R (in our case the radius of the cylindrical membrane tether), is much larger than the membrane thickness, h (8). Recent theoretical work has suggested that membrane geometry should influence diffusion in a particular way (9) , with the diffusion constant of tracer particles becoming smaller as the radius of a membrane tube is reduced. The area of membrane (per unit length) in a tube should affect the local diffusion constant because the movement of any particle embedded in the membrane creates a shear gradient that is proportional to the particle velocity and inversely related to the tube size. When, for instance, the particle moves along the tube axis, the membrane on the opposite side to the particle actually flows in the opposite direction, and here R tube is the relevant length over which the shear gradient extends (10) . According to the fluctuation dissipation theorem (11) , the larger force/velocity ratio corresponds to a smaller mobility and hence a reduced diffusion constant.
These arguments can be rigorously formalized. The first papers on the subject by Saffman and Delbrück (12, 13) are seminal. These authors analyzed the low Reynolds number hydrodynamics of an embedded disk diffusing in a quasi two-dimensional membrane. Later refinements include analyzing the effect of flows in a surrounding fluid (13, 14) . Saffman and Delbrück predicted that the diffusion constant on a membrane of finite area should depend logarithmically on the ratio of the size of the membrane (frame) to the radius of the diffusant particle r. Experimental verification of this important prediction was, for many years, elusive. Very recently, experimental evidence for the logarithmic dependence on the size of the diffusant particle r has been reported (5), although some debate remains (15, 16) . No possible experimental test of the corresponding logarithmic dependence on the size of the membrane frame has previously been identified. We report on just such a test in the present work. Daniels and Turner (9) have shown that for membranes in a tubular geometry, which we study here, the role of effective membrane (frame) size R memb introduced by Saffman and Delbrück is played by the radius of the membrane tube R tube and not, for example, by its length. More recently, Henle and Levine (10) have presented a comprehensive analysis of the membrane flows and particle mobilities in spherical and tubular membranes; their solution for longitudinal mobility in the limit of thin tubes coincides with the logarithmic dependence obtained by Daniels and Turner. In the present work we report on measurements of tracer diffusion on membrane tubes with carefully controlled radii. These tubes were pulled from giant unilamellar vesicles (GUVs) by combining micropipette aspiration and optical trapping (17, 18) . Diffusion of lipid and membrane proteins was measured by single particle tracking (SPT) of quantum dots (QDs) linked either to lipids or proteins detected with a fast and sensitive camera (19) . Our primary results are that membrane geometry can significantly affect tracer diffusion and that this is consistent with a logarithmic dependence on the tube radius R tube . This therefore represents experimental verification of the corresponding predictions of Saffmann and Delbrück.
Results
Our experiments were aimed at determining how the diffusion rates of membrane components in cylindrical synthetic bilayer membrane depend upon the tube radius. We first prepared GUVs with the desired lipid and protein composition. We then used a micropipette to hold and manipulate the GUVs in the microscopy chamber (Fig. 1B) . The presence of a trace amount of biotinylated lipids or proteins in the membrane provided a way to attach the GUV to streptavidin-coated polystyrene bead trapped by optical tweezers, and this bead was used to pull a thin bilayer tube away from the GUV (Fig. 1B) . This experimental setup is particularly convenient (18) because it allows us to control the membrane tension σ while measuring the pulling force f exerted by the bead, thereby determining the radius of the tether:
R tube ¼ f ∕4πσ (for leaflet-symmetric, one-phase membranes). In a typical experiment, we made stepwise changes to the tube radius by changing the aspiration pressure in the micropipette and measured lateral mobility using fast SPT of streptavidin-coated QDs attached to biotinylated lipids or transmembrane proteins ( Fig. 1 and Movie S1).
Lipid Diffusion in Vesicles and Tubes. We first analyzed a simple system consisting of a lipid tracer diffusing in a pure lipid membrane. Because of the relatively large size of the GUVs used in our experiments (radius >10 μm), we can consider the surface of the vesicle to be quasi planar and use diffusion measurements on the vesicle as a control experiment providing a reference value for a planar membrane. In the egg phosphatidylcholine (EPC) and egg phosphatidic acid (EPA) (9∶1, mol∕mol) membrane, we obtained D planar ¼ 3.3 μm 2 ∕s (SD ¼ 1.73 μm 2 ∕s, SEM ¼ 0.20 μm∕s, approximately 8,000 trajectories on 12 vesicles). This value is generally lower than the coefficients obtained earlier in similar systems (20, 21) , which can be attributed to possible multivalent labeling of lipids in our experiments and/or the contribution from the viscous drag experienced by the QD in the aqueous phase (see below).
Next, we measured the lipid diffusion coefficients on the tubular membrane as a function of its radius (Fig. 2) . We engineered sufficiently thin membrane nanotubes (R tube ¼ 10-250 nm) so that the whole tube could sit within the depth of field of the epifluorescence microscope. Thus, when the tube is well aligned in the focal plane, one obtains QD trajectories exploring the whole surface of the membrane tube. To avoid geometrical artefacts related to the projection of these 3D trajectories to the focal plane, we limited our analysis to the displacement components that are parallel to the tube axis (see Materials and Methods and ref. 22 ). The Inset in Fig. 2 shows that on wider tubes with R tube ≈ 200 nm, the diffusion coefficients are scattered close to the value measured on the planar membrane (dashed horizontal line in Fig. 2 Inset). As we reduced the tube radius by increasing the aspiration pressure in the micropipette, the lipid mobility decreased significantly, with the most pronounced changes occurring for tube radii below 50 nm. For the thinnest tubes that we were able to obtain (R tube ≈ 10 nm) we observed more than a 3-fold reduction of the diffusion coefficient as compared to the planar membrane ( Fig. 2) . The geometrical reduction in the local membrane area (per length) in thin tubes thus appears to induce a significant reduction of lipid mobility. Although the statistical distribution of the diffusion coefficients obtained from different trajectories in the same experiment may appear to be wide, this is typical for SPT experiments. The width of the distributions can be explained, for the most part, by stochastic variability intrinsic to the analysis of single particle trajectories rather than the lack of experimental precision. Given the SPT parameters used here (see Materials and Methods), the standard deviation of D predicted by statistical analysis is approximately 35% (23, 24) . Some additional variation of tracer mobility, independent of the tube radius, might also result if multivalent lipid labeling occurs, in which two or more lipid molecules bind a single tracer particle (25) . In our experiments, this effect would affect the lipid diffusion data more strongly than KvAP (a bacterial voltagegated K þ channel) data, because the large size of KvAP makes it less likely that one QD could bind multiple proteins.
To ensure that there was no bias in our tracking algorithm, we systematically checked the mean-square displacement (MSD) curves and mobility histograms for all experiments. The histograms did not show large fractions of immobile particles, and the averaged longitudinal MSD curves were predominantly linear, implying Brownian diffusion in all our samples (Fig. S1 ). In summary, despite the relatively wide distribution of diffusion coefficients obtained by SPT, the mean values revealed a clear trend as a function of tube radius with the overall reduction of the lipid mobility significantly exceeding the experimental uncertainties.
Transmembrane Protein Diffusion. To understand how the tubular geometry affects mobility of a membrane component that is much larger than the size of lipid molecules, we performed SPT on a transmembrane protein reconstituted into artificial membranes. We used the KvAP, expressed in prokaryotic cells, purified following (26) , and then reconstituted into GUVs using a protocol developed in our laboratory. Its close resemblance to the neuronal Kv channels (27) makes it a good model protein for studying the effect of membrane size on diffusion in structures similar in dimensions and shape to neurites and neuronal spines (28) . The structure of KvAP and its conformation in the membrane are known (27) , which allowed us to estimate the area occupied by the channel in the membrane and to calculate the effective radius of the tetramer to be R prot ≈ 4 nm.
For the SPT measurements, the protein was labeled with maleimide-PEG-biotin anchor covalently attached to the protein (Fig. 1A) Protein density in the GUV membranes varied in the range of 50-1;000 proteins∕μm 2 , but only a small fraction of the total number of proteins were labeled with QDs. No biotinylated lipid was included in vesicles containing reconstituted biotinylated KvAP.
The protein diffusion coefficient on the flat membrane was D planar ¼ 2.3 μm 2 ∕s (SD ¼ 0.7 μm 2 ∕s, SEM ¼ 0.14 μm 2 ∕s) as calculated from a total of 3,000 trajectories on eight vesicles. This value is lower than the lipid self-diffusion coefficient given above, which is consistent with the hydrodynamic theory prediction that the lateral mobility decreases with the inclusion size.
When the KvAP diffusion was measured on tubular membranes as a function of tube radius (Fig. 3) , we observed a progressive decrease of the protein lateral mobility as the tube radius was reduced, similar to the lipid-only membranes. In wider tubes (R tube ≈ 200 nm) the lateral mobility was close to that found on planar membrane (dashed horizontal line in Fig. 3 Inset), but diffusion decreased rapidly in thinner ones (R tube ¼ 10-50 nm), with up to a 5-fold overall retardation of the protein diffusion in the thinnest tubes studied. This pronounced change of protein mobility in the 10-to 200-nm range of tube radii confirms our earlier conclusion that lateral mobility on narrow membrane tubes decreases as the area of membrane in the tube becomes smaller. This retardation is stronger for a large transmembrane protein as compared to a lipid (Fig. 2) , as expected for a hydrodynamic effect.
Discussion
Compatibility with Hydrodynamic Models. Hydrodynamic models of diffusion in lipid membranes treat the bilayer as a quasi twodimensional sheet of viscous fluid of thickness h (9, 10, 12) . This is a continuum approach, and so it necessarily neglects the molecular structure and finite size of the lipids. Transmembrane proteins are modeled as cylinders of radius r, here rather larger than R lipid . Because the membrane flow is effectively incompressible, the flow around a moving disk can be computed by solving Laplace's equation for a velocity potential in two dimensions (29) . The mobility contains a logarithmic term, such as commonly arises in two dimensions (e.g., electrostatics). This gives rise to effects attributed to Stokes' paradox (29) .
Saffman and Delbrück (12) proposed solutions for specific cases in which these logarithmic terms appear at leading order in the expression for the diffusion constant; first, for a planar membrane of finite area (e.g., on a circular frame) in a surrounding fluid of negligible viscosity:
where k B is the Boltzmann constant, T is the absolute temperature, μ is the viscosity of the membrane, h is the membrane thickness, R memb is the radius of the membrane frame, and r is the radius of a disk-like tracer particle, such as a protein or lipid molecule, with R memb ≫ r. They then extended this to the case where the membrane has infinite area but surrounding fluid has nonvanishing viscosity μ bath (12) . A new length scale emerges in the second case equal to μh∕μ bath (12) . Because of the high viscosity of the membrane, this can be of the scale of half a micron or more. It can therefore be thought of as providing a cutoff to Eq. 1: The finite membrane area appears directly unless it is larger than μh∕μ bath , in which case the three-dimensional flows in the bulk fluid effectively screen out the logarithmic divergence arising from the purely two-dimensional membrane flow. 
APPLIED PHYSICAL SCIENCES
The concept of a planar membrane of finite area (e.g., existing on a planar frame) can seem rather artificial. Daniels and Turner (9) instead analyzed the geometry of a tubular bilayer (as well as spherical membrane geometries). They found that the diffusion constant for tracers on a membrane tube is given by an equation identical to Eq. 1, except that R memb is replaced by R tube , which then plays the role of the effective membrane size:
Importantly, the length scale μh∕μ bath ≫ R tube for all of the experimental data we present here. This means that flows in the embedding fluid can be safely neglected throughout and that we expect the diffusion constant to be given by Eq. 2.
We first compared this hydrodynamic model to our measurements of lipid diffusion (Fig. 2) . We applied the SaffmanDelbrück model (12) to D planar ¼ 3.3 μm 2 ∕s obtained on GUVs assuming μ bath ¼ 1.25 × 10 −3 Pa·s and r ¼ R lipid ¼ 0.5 nm (30). We thus arrive at a 2D membrane viscosity η ≡ μh ¼ 6.5 × 10 −10 J m −2 s [divided by h ¼ 4.5 nm (30), it gives 3D viscosity μ ¼ 1.4 P (poise) or 0.14 Pa·s], which agrees well with the literature data for similar lipid compositions (31). We then fitted data for the diffusion constant of lipid tracers on a tube using Eq. 2. During the fitting procedure, the data points (points in Fig. 2 ) were assigned weights inversely proportional to the variance for each averaged value of D in order to account for differences in the experimental distributions of D. The logarithmic theoretical prediction (solid line in Fig. 2 ) closely follows the data points. Using both η and R lipid as adjustable parameters in the fit, we obtained η ¼ ð5.5 AE 0.8Þ × 10 −10 J m −2 s (equivalent to 1.2 P or 0.12 Pa·s) and R lipid ¼ 0.73 AE 0.36 nm; i.e., membrane viscosity similar to the value calculated for the planar membrane above and the lipid size that is very close to the expected value (30) . Similarly, if we fixed R lipid at 0.5 nm and adjusted the viscosity only, we would obtain η ¼ 6.1 × 10 −10 J m −2 s; i.e., the fitting parameters are well defined and consistent irrespective of the fitting procedure. Remarkably, the measurements are directly compatible with this simple physical model, using literature values of R lipid and η, with no need for any empirical/artificial adjustable parameters. This is the first confirmation that Eq. 2 is consistent with our data on lateral diffusion on the tubular membrane.
Additionally, the lipid diffusion constants on planar and tubular membranes are mutually consistent: The lipid mobility on the thickest tubes convincingly approaches that measured on almost planar membranes (Fig. 2 Inset) . As a result, the measurements are consistent with both the Saffman-Delbrück model for planar membranes (12) and the Daniels-Turner model for tubes with very similar membrane viscosities (Eq. 2).
Moreover, our lipid diffusion data seem to agree rather well with the continuous hydrodynamic models, even though the size of the diffusing species in this case is comparable to the size of the "solvent" (lipid) particles. Strictly speaking, this represents the edge of the regime of universal validity of such continuum theories (31, 32) . The diffusion of large transmembrane proteins, such as KvAP used here, is more clearly in the hydrodynamic regime. Assuming that the effective radius of KvAP in the membrane is R prot ¼ 4 nm (27) we can then use the SaffmanDelbrück model (Eq. 1) to relate the D planar value of KvAP, measured on the GUV surface, to obtain the 2D membrane viscosity η ¼ 6.7 × 10 −10 J m −2 s. It is most reassuring that this value is close to the viscosity extracted from the diffusion of lipid tracers in lipid-only membranes, estimated above.
For the KvAP proteins, we also obtained a good fit of the tube diffusion data (Fig. 3) by the predicted logarithmic dependence (Eq. 2) with η ¼ ð7.3 AE 0.5Þ × 10 −10 J m −2 s and r ¼ 3.0 AE 0.5 nm. As in the case of lipid diffusion, the data appear to be consistent with the theoretically predicted logarithmic relationship (solid line in Fig. 3). Fig. 3 presents the data and the theoretical curve in semilogarithmic coordinates to emphasize the logarithmic relationship between the protein mobility and the size of the tubular membrane. The membrane viscosity deduced from this dependence is in good agreement with the estimate calculated from the protein diffusion on flat membranes as well as our earlier estimates for pure lipid membranes. Moreover, the estimate of r is close to the value R prot ¼ 4 nm derived from the KvAP structure (27) . This is the second confirmation that Eq. 2 is valid and that hydrodynamic models correctly describe lateral diffusion in confined membranes.
Other Possible Factors Affecting the Data. In this paper, we show that hydrodynamic effects in tubular membranes with small radii can lead to changes of the mobility of membrane components. Several other effects can potentially affect diffusion in our system. We consider them in detail in this subsection.
The QDs used here to trace the movements of membrane components are relatively large, and hence the viscous drag experienced by the QD itself as it moves through the aqueous solvent might affect the overall mobility measured in our experiments. Assuming that the radius of QD625 is R QD ¼ 10 nm, we calculated the 3D diffusion coefficient of the QD using StokesEinstein equation . For room temperature and the buffer viscosity of 1.2510 −3 Pa·s, the diffusion coefficient is 19.6 μm 2 ∕s, which is more than five times faster than the lipid or protein diffusion coefficients reported above. This means that the viscous drag on the tethered QD is dominated by the drag on the anchor (lipid or protein) moving through the membrane. The contribution of the nonnegligible drag on the QD can be approximated by adding the QD friction coefficient in the numerator of Eq. 2 and using this modified equation to fit the diffusion data. Following this procedure, we obtained equally good fit (or even slightly better for the lipid diffusion data) and parameters very close to those before the correction: η ¼ 4.5 × 10 −10 J m −2 s and r ¼ 0.84 nm for the lipid diffusion, and η ¼ 6.3 × 10 −10 J m −2 s and r ¼ 3.4 nm for the protein diffusion. Therefore, this effect does not affect our conclusions about the dependence of mobility on the tube radius; the addition of the QD friction only results in a slight vertical shift of the whole curve in Figs. 2 and 3 . Although the relatively large QDs are outside the membrane tube, both KvAP and PEG lipids in the inner leaflet protrude into the inside of the membrane tube. However, these should not act as steric obstructions to diffusion because the estimated size of these protrusions (2-5 nm) is considerably smaller than the internal diameter of even the smallest tubes (13 nm).
In these experiments, changes in tube radius were accompanied by changes in membrane tension and curvature. Could membrane tension or curvature directly affect diffusion coefficients? The free area theory predicts that the diffusion coefficient should increase when the membrane is stretched to effectively increase the area of "voids" between lipids (32). In a control experiment, we have measured D on the surface of GUVs for different membrane tensions in the range of 10 −6 -10 −4 N∕m, covering the range of values used in our tube experiments (Fig. S2) . We found no statistically significant change of D, confirming that the effects that we measure in our tube experiments are only related to the tube radius and not to the membrane tension. Much higher tensions (σ > a few 10 −4 N∕m) corresponding to the "stretching regime" (33) might be necessary for a noticeable effect on the diffusion. Although NMR measurements of acyl chain dynamics revealed only limited effects for even the largest membrane curvatures used in this study (34) , it is important to consider how membrane curvature could alter membrane structure and dynamics. In our experimental measurements of lipid diffusion, we selectively label the lipids in the outer leaflet. The positive curvature of the outer leaflet is expected to decrease the lateral packing density at the head-group level (35) . Provided that mem-brane viscosity is determined mainly by interactions at this level (36) , increased curvature would speed up diffusion in the outer leaflet. Thus, if tube curvature significantly affected lipid diffusion, one would expect faster diffusion in tubes with smaller radii, which is contrary to our observations. Furthermore, membrane curvature should affect lipids in the outer leaflet and a transmembrane object such as KvAP differently, yet both follow the logarithmic dependence predicted by Saffman-Delbrück. In summary, for this range of membrane curvatures, there is no clear evidence for a direct effect of membrane curvature on diffusion coefficients.
We also remark on the role of interleaflet flows. These have been shown to result in significant dynamical effects in cases when the membrane geometry is changing (37, 38) , particularly during tube extension (38) . It is important to note that our system is rather different in that the geometry is fixed and our tube is assumed to be fully equilibrated. The role of interleaflet friction in our system can be analyzed by writing down separate Stokes equations for the two leaflets that include an interlayer coupling, which is simply proportional to the velocity difference across the two leaflets but which, by Newton's third law, has a different sign on each leaflet. Importantly, these two equations can be added together to obtain an equation for the mean flow, which has the form assumed here, and used in refs. 9, 12, and 14, up to corrections that are quadratically small in the ratio of the leaflet thickness to the tube radius (i.e., a few percent). Changes in the average membrane viscosity, associated with changes in molecular ordering, could enter at the same order. A detailed analysis of these corrections is beyond the scope of the present work.
Finally, molecular crowding in the membrane can slow down the dynamics of the membrane components. At high protein densities, both protein and lipid mobility decrease because of steric hindrances imposed by large molecules. This has been predicted theoretically (39) and shown experimentally both in model membranes (3) and live cells (4) . Recent data for three integral proteins with R prot ¼ 2-4 nm (5) suggest that this effect becomes noticeable when the protein density exceeds around 1;000 proteins∕μm. The densities of KvAP in our experiments were in the range of 50-1;000 proteins∕μm; i.e., most of our measurements fall in the safe range. Even if the crowding effects are not negligible, they will not compromise our conclusions because they will affect diffusion rates in tubes of different radii to the same degree. However, if the high membrane curvature affects the protein redistribution between the GUV and the tube causing relative enrichment of protein in thin tubes, the crowding effects can be selectively amplified for small tube radii. The study of such curvature-induced protein sorting in thin tubes is currently underway in our laboratory. Nevertheless, the mutual consistency between lipid and protein diffusion constants implies that the principal source of the mobility changes is hydrodynamic in origin and is not related to protein crowding.
In conclusion, the observed diffusion of a lipid and a transmembrane protein in tubular membranes are both consistent with the effect of confinement on the Saffman-Delbrück model. Although the role of other effects cannot be completely excluded and other mathematical functions, different from a logarithmic dependence, could be used to fit the data, these results provide strong support for the use of hydrodynamic models to describe lateral diffusion in confined membranes.
Role in Cellular Processes. As described above, our experimental results represent a direct test of predictions of the hydrodynamic theory for geometrically confined membranes, thus contributing to the important debate on biophysical modeling of membrane dynamics. At the same time, these findings can provide insight into a possible regulatory role of bilayer geometry in various cellular contexts. Indeed, the problem is relevant to a number of physiological processes taking place in tubular membranes such as cell-cell communication via tunneling nanotubes (22) , mobility and redistribution of membrane components in endoplasmic reticulum and Golgi apparatus (40) , or receptor diffusion in neurites and neuronal spines (28, 41) . The spines, representing thin protrusions on dendrite membrane that form synaptic connections to other neurones, are particularly interesting because they have tubular necks with radii in the range of 25-250 nm, and the changes of their morphology are known to correlate with synaptic plasticity (42) . Fluorescence recovery after photobleaching measurements in live neurones have shown that the diffusion is slower in the spine neck region (28) . At the same time, it is well known that many receptors in cytoplasmic membranes have intracellular domains that interact with the underlying cytoskeletal structure; in such cases, the drag with the cytoskeleton can decrease diffusion rates by orders of magnitude and effectively mask the more subtle hydrodynamic effects (43) .
To test whether the membrane confinement effects can manifest themselves in intact biological membranes, we reproduced our SPT measurements on neurites of live hippocampal neurons in culture. We used three tracer molecules with different sizes of the transmembrane segment and obtained their diffusion coefficients as a function of the neurite width (Fig. S3) . Not surprisingly, the experimental data were even more scattered than those for the model nanotubes (Figs. 2 and 3 ) because of possible inhomogeneities in the neurite membrane, deviations from tubular shape, interactions with cytoskeleton, dimerization/oligomerization, etc. Nevertheless, in all three cases we observed reduction of the mobility in thinner neurites that was similar to that found for model membrane tubes. Fitting these data with a simple hydrodynamic model (Eq. 2) did not yield expected sizes of the tracers (Table S1 ), reflecting the complex nature of the neurite biomembranes. However, the inverse dependence of the protein mobility on the neurite diameter suggests that hydrodynamic interactions in geometrically confined membranes may affect the diffusion of membrane components in living cells.
To conclude, our data suggest that membrane morphology may have a direct effect on the lateral mobility of membrane proteins in living systems and could be involved in regulatory circuitry of the cell.
Materials and Methods
Preparation of Lipid Vesicles, QD Labeling, and Pulling Nanotubes. GUVs were prepared by electroformation on indium-tin oxide coated glass slides (44) using a mixture of chicken EPC and chicken EPA in a 9∶1 molar ratio, complemented with 0.01% of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene-glycol)-2000] [DSPE-PEG(2000)-biotin]. The vesicles were in a sucrose solution with an osmolarity of 200 mOsm. Prior to the SPT experiments, the GUV suspension was diluted with a buffer solution of matching osmolarity containing approximately 10 pmol of QD625-streptavidin conjugate. After 1-2 min of incubation, the vesicles were washed with the same buffer solution using a minicentrifuge. QD-labeled GUVs were transferred to the microscopy observation chamber pretreated with casein solution and aspirated in a glass micropipette using a micromanipulator and a custom-made hydraulic system. The bilayer tube (tether) was pulled by pushing the GUV against a streptavidin-coated polystyrene bead (ϕ ¼ 3.3 μm) held with a custom-made fixed optical trap (18) and then gently moving the vesicle away from the bead.
Purification and Reconstitution of KvAP. KvAP was purified and labeled using a protocol modified from ref. 26 . The wild-type KvAP plasmid was generously provided by R. MacKinnon (The Rockefeller University, New York). KvAP was expressed in Escherichia coli solubilized in decylmaltopyranoside (DM; Affymetrix) and then purified using a His-tag affinity nickel column followed by size exclusion chromatography. The protein was labeled for 2 to 4 h at room temperature in 600 μM of EZ-Link maleimide-PEO11-biotin (Pierce). The labeled protein was then mixed with small unilamellar vesicles (SUVs) of EPC:EPA (9∶1 molar ratio) presolubilized with DM. The free label and detergent were removed by dialysis. GUVs were made using an electroformation protocol adapted from ref. 45 . SUVs containing proteins were mixed with pure EPC/EPA SUVs to achieve a final lipid/protein weight ratio between 8 and 200. Droplets of the SUV mixture (3 to 10 mg∕mL of lipid) were spread on platinum wires and partially dehydrated for typically 20 min. Lipid-protein films were rehydrated in a solution containing 200 mM sucrose, 100 mM KCl, 10 mM Hepes, pH ¼ 7.4, while keeping the platinum wires under sinusoidal voltage of 1.8 V (peak-to-peak) at 500 Hz for 4 to 12 h. The resulting GUVs were then labeled with QDs using the protocol described in the previous subsection.
QD Imaging and Analysis. The high-speed imaging of single QDs attached to tracer molecules was made using an epifluorescence microscope equipped with back-thinned electron-multiplying CCD camera (iXon DU-897, Andor Technology). For each tube, at a given diameter a sequence of 1,000 or 2,000 images was obtained with 1-or 4-ms exposure time and electron multiplication gain of 200. In a typical experiment, we would have between 2-10 individual QDs on a membrane tube of 20-50 μm in length. Tracking of individual QDs was performed with the MATLAB software developed in the group of Maxime Dahan at the École Normale Supérieure (Paris, France), with modifications. Only the trajectories that were at least 30 points long were kept for further analysis. For the calculation of diffusion coefficients on the tubular membranes, we rotated the coordinate plane to precisely align the tube axis with the x axis of the coordinate planem and we only used the longitudinal (along the x axis) displacements of the particles to calculate the MSD to avoid geometrical artifacts due to curved geometry (22) . The diffusion coefficient D was calculated by fitting the points 2 to 5 of the MSD plot versus time with MSDðtÞ ¼ 2Dt þ b;, where b is the variable offset used to account for limited localization accuracy (46) . For each tube radius, we typically obtained 20-100 trajectories. The MSD and D were calculated for each trajectory and then averaged. For the trajectories obtained on the GUV surface, both x and y displacements were analyzed. In this case, the MSD and diffusion coefficients were calculated using conventional formulas for two dimensions. 
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